Membranes are an important barrier used in recycled water treatment plants for pathogen removal.
INTRODUCTION
Recycled water is an increasingly important alternative water source; however, its production needs to ensure the source is 'fit for purpose' without compromising public or environmental health. To manage potential water quality risks, the design of recycling systems usually incorporates multiple barriers, in which filtration (microfiltration (MF), ultrafiltration (UF)) is a commonly applied treatment process as it provides a physical barrier against suspended solids and selected waterborne pathogens (Carvajal et al. ) . During commissioning of recycling schemes, each treatment process should be validated to ensure each barrier is operating as designed (Victorian Department of Health ). Ideally, validation will continue as the assets age to ensure that the treatment process continuously meets the specified targets. However, limited research has examined the consequence of membrane filtration aging.
A recycled water treatment plant in Adelaide, Australia, commissioned in 2009, utilizes polyvinylidene difluoride (PVdF) UF membranes as part of its tertiary treatment process. The plant treats chlorinated and clarified secondary effluent from a municipal wastewater treatment plant (WWTP), which undergoes fine screening before being filtered by the UF process and disinfected by ultraviolet light (UV) and chlorination, to produce recycled water for dual reticulation and unrestricted municipal irrigation. For this to occur, the whole treatment process must achieve a virus log removal value (LRV) of 6.5 log 10 . Upon commissioning of the plant, the UF membrane system was validated for virus removal (Regel et al. ) . To validate the virus removal capabilities of the full scale UF membrane system, microbial challenge testing using a human enteric surrogate was conducted. The methodology has predominantly been performed and published under laboratory or pilot scales and has enabled the demonstration of high LRVs (Antony et al. ) . Routinely, pressure decay tests (PDTs) are performed to monitor direct membrane integrity for protozoa removal; however, the sensitivity of this method does not guarantee virus log removal performance.
Since the commissioning of the recycled water plant, the recycled water demand (which is predominantly during the summer months), and therefore plant production, has been lower than the design. Therefore, the UF membrane modules have been placed into medium-term preservation solution (sodium hypochlorite) on a rotating cycle to prevent extensive membrane fouling (i.e. bacteriological growth) and prolong their asset life. Extensive membrane fouling would require intensive chemical cleaning to restore the UF membranes to a normal operational range. Intensive chemical cleaning may damage the membranes and may not be successful in returning their normal performance (Rouaix et al. ) . The storing of the UF membranes for prolonged periods in a chlorine solution increases their chlorine exposure time, which can lead to the membrane material being degraded over time. In addition to the storing solution, hypochlorite is exposed to the membranes during maintenance washes (MW) and Clean-In-Place (CIP) in order to remove fouling adsorbed onto the membrane pores. Membrane treatment solutions have been utilized in drinking water production for many decades (Gao et al. ) and are, in general, operated on a continuous basis. The utilization and understanding of membranes employed in wastewater treatment and reuse applications is an emerging area of interest given that the membranes are put under significantly different operating conditions due to their intermittent use, as well as exposure to highly variable water quality from upstream biological, physical and chemical properties.
After years of operational use and prolonged membrane storage, the aim of the project was to re-evaluate the virus removal integrity of the UF membrane modules and assess the asset lifespan to inform an asset replacement strategy. The membranes were assessed utilizing a three stage approach, including conducting membrane autopsies to directly assess the impacts of the membrane fibres, chemical tolerance testing to determine the impacts of prolonged chemical storage, and challenge testing using a virus surrogate to investigate and gain an increased understanding of the virus removal performance of the membranes.
MATERIAL AND METHODS

Plant description
The recycled water treatment plant is equipped with eight units, each composed of 120 pressurized modules. The membrane specifications are summarized in Table 1 . The system has the capacity to provide up to 5.5 GL/yr; however, the plant operates at approximately 20% of its full capacity, with fluctuations in reuse production between summers and winter periods.
Membrane autopsy
The objective of the autopsies was to assess the ageing level of the membranes after six years of operation. Three modules were selected, including two modules from different units (numbers 4 and 8), and one new module. The autopsies consisted of assessing the physical, mechanical and chemical structure of the membranes contained in the modules through a wide range of analyses (Table 2) . Figure 1 outlines the main steps of the autopsy procedure. Briefly, an observational assessment was conducted on the general state of the modules (casing, potting and connections). The modules were then dissected by cutting their screen and extracting the fibres. The fibres were then potted in laboratory scale modules (18 fibres per laboratory scale module) and cleaned in order to remove fouling deposits. A specific rinsing with UF water was carried out to remove preservative solution from the new membranes. The cleaning protocol included six hours in hypochlorite (500 ppm) followed by six hours in citric acid (0.25%; pH 2). Post cleaning, the laboratory scale modules' fibres were extracted for further analyses including assessing the chemical and mechanical properties of the membranes.
The chemical structure of the membrane was analyzed by Fourier transform infrared (FTIR). The FTIR spectrum identifies changes in the functional groups present on the surface of the membrane, including the peaks related to the potential presence of hydrophilic additives. The membrane hydrophilicity was assessed by dynamic vapor sorption analysis (DVS). The hydrophilicity is expressed in moisture content (g of water/g of sample) at 90% relative humidity, with a lower hydrophilic percentage representing a higher probability of fouling by adsorption (organics). In addition, tensile tests were performed to measure the mechanical strength of the fibres and air integrity tests to assess membrane integrity and water permeability.
Chemical tolerance testing
The objective of the chemical tolerance testing was to investigate if the medium-term preservation (hypochlorite) solution prematurely damaged the membranes over time.
The tests were performed by MEMlab ® on a bench unit platform as shown in Figure 1 . Challenge testing was performed on the newly commissioned and aged membranes, which were chemically cleaned prior to testing to promote conservative conditions (Regel et al. ) . Briefly, MS2 bacteriophage were dosed into chlorine-free feed water and monitored by collecting grab samples from the feed and filtrate over a filtration run of 20 minutes for five of the eight units. MS2 was quantified by the plaque assay method described in USEPA () and reported as log 10 removal values (LRV).
RESULTS AND DISCUSSION
Newly commissioned validation
Upon commissioning of the recycled water treatment plant, a full scale challenge test with MS-2 bacteriophage (virus surrogate) was undertaken on the UF membranes to validate the assigned log removal value (LRV) from the state authority (2.0 log 10 ). Challenge testing was conducted on three separate occasions on four of the eight membranes at normal operating conditions. Results of the initial validation can be found in Regel et al. () . Overall, the commissioning full scale validation demonstrated that the membrane could be accredited with the 5th percentile LRV of 2.5 log 10 for virus rejection (increase of 0.5 log 10 ). A benefit of the study was that the virus LRV result was able to be transferred to other treatment plants that have incorporated the same membrane systems, and assist in the development of an asset life assessment.
Membrane history and autopsy
Post challenge testing, the validated membranes were then operated as usual. After six years of operational life and rotated chemical storage, an autopsy was conducted to determine the condition of the membranes and gain an accurate re-assessment of the expected membrane life and anticipated replacement timing. Prior to the autopsy, both UF membranes selected had a correct pressure decay rate (PDR) of approximately 2.0 and 2.8 kPa min À1 for units 4 and 8 respectively, which are below the maximum threshold of 4.8 kPa min À1 (Figure 2) . Similarly, both units had membrane resistance values below the maximum threshold of 8.5 × 10 À12 m À1 ; however, these were gradually increasing over time (data not shown). The units were selected for autopsy based on the results of a sonic test, which monitors individual modules for the sound of an air bubble. The two modules selected were the most critical modules detected. At the point of module collection, the total hypochlorite exposure time was estimated as 400,000 ppm h À1 . Initial observations of the PVdF membranes found there were deposits inside the modules. Further inspection of the fibres indicated the deposits had accumulated inside the fibre bundles compared to the new module, which had normal characteristics. Visual inspections of the aged PVdF membranes saw a pink discolouring compared to the new module.
Air integrity testing and water permeability were performed on potted fibres, which were extracted from different locations from the full scale module (top, middle, bottom, from the centre and periphery) and compared to the new module fibres. All of the new module fibres maintained pressure during the air integrity testing, indicating the fibres were whole. However, both aged modules had reduced air pressures, indicating they had compromised fibres mainly from the fibres that were originally located in the centre of the UF membranes. These results coincide with the results from the sonic test. The permeability tests demonstrated the new modules were homogeneous in nature, with correct resistance measurement flows across all the module sections. Whereas, the aged modules demonstrated lower permeability in particular from the fibres that were extracted from the centre of the modules, with the fibres from unit 4 more pronounced with fouling than those tested from unit 8. Overall, the permeability of the modules was not affected despite deposits being found in the modules during the autopsy.
Chemical cleaning of the potted fibres to remove fouling and allow analysis of the membrane surface showed the hypochlorite cleaning was more efficient than the acid cleaning to remove the fouling, which was mainly organic rather than inorganic. Assessment of the fibres' mechanical properties between the new and aged membranes, such as tensile stress at break, elongation at break and constraint at break, indicated the aged fibres had not been affected after six years of use and exposure to chlorine (Table 3) . Field emission scanning electron microscopy (FESEM) of the external surface of the fibres highlighted the visible pores of the new module, with a higher roughness seen on the aged modules, although post cleaning the visibility of the pores improved (Figure 3) .
Evaluation of the fibres' chemical structure also confirmed that the fibres had not been altered despite the high chlorine exposure of 400,000 ppm h À1 at the time of collection. Figure 4 shows the FTIR spectrum and demonstrates that the overall hydrophilicity had remained as both the aged membranes had similar profiles to the new membrane, where the PVdF additives and structure were still detected at 1,674 cm À1 (ester function polyvinylpyrrolidone) and at 1,736 cm À1 (amide function). However, the results suggest that fibres from unit 4 (blue spectrum) displayed a little decrease of both peaks on the external surface of the fibres revealing the beginning of degradation. On the basis the autopsy and mechanical property results, it can be concluded that the membranes were still in very good conditions after six years of operation.
Chemical tolerance testing
The chemical tolerance testing focus was primarily on hypochlorite, as it is known to impact the ageing of polymeric membranes due to their sensitivity to chemical exposure (Gao et al. ) . Sulfuric and citric acids were also applied during the cleaning procedures; however, they were not simulated during the chemical tolerance tests because polymeric membranes generally have a very high tolerance to these acids. The chemical tolerance results demonstrated that the mechanical robustness of the membranes remained very stable over chlorine exposure with hardly any evolution of the tensile strength and the elongation at break of the fibres during the initial 500,000 ppm h À1 exposure (data not shown). However, by the end of the exposure time (>500,000 ppm h À1 ) the fibres started to irreversibly stretch with an increase of the elongation at break by 20%. This can be attributed to the polymer plasticizing, leading to fibres with higher slack in the module resulting in a higher fibre motion during aeration, which might accelerate fibre wear. Examination of the FTIR spectrum showed two hydrophilic agents, respectively at 1,674 and at 1,736 cm À1 , disappearing while the hypochlorite exposure time was increasing. Similar results were published by Puspitasaria et al. () , who studied the cleaning and ageing effect of sodium hypochlorite on PVdF membranes. The ageing study revealed that the membranes exhibited a two-step degradation mechanism under chlorine exposure: i) the removal of its surface modification substance (lost within the first week of ageing at 1% sodium hypochlorite, which represented a total exposure of 168,000 ppm h À1 ), and ii) the increase of its relative hydrophilicity. However, such loss of hydrophilic agents due to chlorine exposure was not observed on the used membranes ( Figure 4) . The organic fouling accumulated on the fibre surface might have protected the membrane against chemical attack.
Laboratory vs full scale challenge test
Laboratory scale assessment of virus removal using MS2 bacteriophage (human enteric virus surrogate) resulted in a decreased LRV compared to the commissioning value. The potted fibres in the laboratory modules had an average virus LRV of 0.3 log 10 and 0.7 log 10 from units 4 and 8 respectively, and the new module a virus LRV of 1.6 log 10 . Although the worse performing modules were selected for the autopsy and hence laboratory challenge test, the removal values for the new modules were lower than the manufacturer's claim. In addition to virus performance, the laboratory scale challenge evaluated the removal of E. coli, which is used as a surrogate for pathogens Cryptosporidium and Giardia. The results showed the aged module's LRV was very high (>8.0 log 10 ) producing a comparable LRV measure as the new fibre, which complemented the results from the air integrity test.
As a consequence of the poor removals, as indicated by the laboratory results, full scale challenge testing was repeated to verify the virus removal accreditation and assess the whole unit's performance. The LRV results from the full scale validations are shown in Figure 5 displayed as a frequency distribution plot, which shows the degree of inherent variability in the pooled LRV data from the new and aged validation exercises. The results show there was a decrease in LRV performance of 1.0 log 10 and less variability in the aged membranes compared to the newly commissioned membranes. These findings showed that although there was a decrease in aged membrane virus LRV performance after six years of operation, the membranes are intact and achieving virus removal. These results differ from those obtained by the laboratory-scale challenge test and highlight the benefit of evaluating the entire unit rather than fibre segments potted into modules. Overall, the full scale virus challenge test indicated that the membranes did not need to be replaced based on integrity despite a reduction in performance, as other barriers (chlorination and UV disinfection) are able to recover the shortfall in LRV credits. However, as there was a reduction in the virus LRV accreditation, monitoring of the membrane performance as the membranes continue to age is important for understanding the asset lifespan.
Assets replacement strategy
The recycled water treatment plant was designed according to the Australian Guidelines for Water Recycling (NRMMC-EPHC-AHMC ) and consequently adopted the multiple barrier philosophy including UF membranes, chlorination and UV disinfection. The full scale virus challenge test result of 1.5 log 10 indicates that the membranes do not need to be replaced based on integrity as they are still able to provide sufficient virus removal. Asset management is a continuous process, and therefore to effectively plan and manage the membranes over their life span it is critical that continuous maintenance and monitoring of maximum threshold limits continue to occur. The development of the membrane asset replacement strategy considered the membrane integrity, membrane flux and the interplay between current and future recycled water demand and plant design and operational capacity to ensure UF asset longevity when membrane replacements occur in the near future. The membrane replacement strategy suggests membrane replacements be undertaken in a staged and rolling basis as the membranes reach eight to 10 years of age.
CONCLUSIONS
The autopsy and chemical tolerance analyses provided valuable information on the UF membranes' quality and durability. The results from this study have demonstrated that the membranes were still in very good condition after six years of operation, despite the high exposure to chlorine due to the medium-term preservation periods. The virus challenge testing has highlighted the importance of full scale application to gain a whole of unit assessment, as this cannot be gained from laboratory scale module challenge testing alone. The application of full scale challenge testing is recommended to other utilities as an asset condition strategy. Continual assessment of membrane performance is important to determine whether it is economical to maintain i) membrane integrity and ii) flux/plant throughput or if it is a more viable option to undertake module replacements. The evaluation of the aged membranes has provided the required information to inform the asset replacement strategy.
